1 2.8 

Ui 

!i« 

■  36 

|H 

MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  BUHiAll  ()f  slANUAKiJs  1<«.  <  A 


BASIC  EMC  TECHNOLOGY  ADVANCEMENT  FOR  C  SYSTEMS 


RADCTR^2.286.  Vol  IVd  (of  tlx) 
MimI  Technical  Raport 
Aupust  19t4 


^  BASIC  EMC  TECHNOLOSY  ADVAMCEMEHT 
<  FCR  C^  SYSTEMS  ■  Modeling  Crosstalk 
In  Balanced  Twisted  Pairs 


Southeastern  Center  for  Electrical  Engineering  Education 


Dawn  A.  Koopman  and  Clayton  R.  Paul 


APPROVEO  FOR  PUBLIC  RELEASE;  DISTRIBUTIOR  URLIMITED 


I  00^ 


(P 


ROME  AIR  DEVELOPMENT  CENTER 
Air  Force  System*  Command 
Griffiss  Air  Force  Base,  NY  13441 


DTIC 

ELECTEp 

MAY  1  5  1985 ' 


B 


rr  \  P  0  1 


'I  !  IL-  ■  i.'l  |A(  )'  I  I  \'  (  '  l.ll  M  ll  'I  I  I'l 


This  report  has  besn  reviewed  by  the  RAIX:  Public  Affairs  Office  (PA)  and 
Is  releasable  to  the  National  Technical  Infomatlon  Service  (NTIS)  .  At  NTIS 
it  will  be  releasable  to  the  general  public.  Including  foreign  nations. 

RADC-TR-82-286,  Volume  IVd  (of  six)  has  been  reviewed  and  is  approved 
for  publication. 


APPROVED:  ^  f  Str^tC^ 

ROY  F.  STRATTON 
Project  Engineer 


APPROVED: 

W.  S.  TUTHILL,  Colonel,  USAF 

Chief,  Reliability  &  Compatibility  Division 


K- 


FOR  THE  COMMANDER: 


JOHN  A.  RITZ 

Acting  Chief,  Plans  Office 


If  your  address  has  changed  or  If  you  wish  to  be  removed  from  the  RADC  mailing 
list,  or  If  the  addressee  is  no  longer  employed  by  your  organization,  please 
notify  RADC  (  RBCT  )  Griffiss  AFB  NY  13441.  This  will  assist  us  In  maintaining 
a  current  mailing  list. 

Do  not  return  copies  of  this  report  unless  contractual  obligations  or  notices 
on  a  specific  document  requires  that  It  be  returned. 


ISN  I.)  ^  I  I  N  JWNU  I A( )' )  1  v  (I  1,11  II II II III  111 


TABLE  OF  CONTENTS 


PAGE 


List  of  Figures . iv 

List  of  Plots . 

Chapter  I  -  Introduction .  1 

Chapter  II  -  Lov/-Frequency  Model  for 

Three  Conductor  Lines .  15 

Chapter  III  -  Crosstalk  in  the  Unbalanced 

Twisted-Pair  Configuration  ...  28 

Chapter  IV  -  The  Unbalanced  Twisted-Pair 

Generator  and  Receptor 

Circuits .  53 

Chapter  V  -  Crosstalk  in  the  Balanced 

Twisted-Pair  .  86 

Chapter  VI  -  Summary  and  Conclusions . 119 

Appendix  A . 124 

Appendix  B . l44 

References . 156 


LIST  OF  FIGURES 


FIGURE  PAGE 

1-1  The  single  wire  receptor  configuration  ...  3 

1-2  The  SWP  receptor  configuration  .  4 

1-3  The  TWP  receptor  configuration  .  6 

1-4  TVJP  terminated  in  differential  line 

drivers  and  line  receivers .  7 

1-5  TIVP  balanced  by  means  of  a  center- 

tapped  transformer .  9 

1-6  (a)  The  TWP 

(b)  The  "Abrupt-Loop"  Model . 12 

1- 7  The  "Click"  Model . 13 

2- 1  Typical  cross-sectional  geometries  to 

which  the  results  apply . 16 

2-2  The  three-conductor  transmission  line.  ...  17 

2-3  The  per-unit-length  model . 19 

2-4  The  low-frequency  model . 24 

2- 5  An  explanation  of  inductive  coupling  and 

capacitive-coupling  in  the  low-frequency 
model.  (a)  Low-impedance  loads 

(b)  High-impedance  loads . 27 

3- 1  The  single  wire  to  unbalanced  TWP 

experiment . 29 

3-2  The  single  wire  to  unbalanced  SWP 

configuration  .  37 

3-3  The  unbalanced  S'WP  low-frequency 

approximation  .  39 

3-4  A  low-frequency  model  of  the  twisted  pair.  .  Lc 

3-5  An  explanation  of  the  sensitivity  to 

tv/ist.  SI.'?  denotes  straight  wire 
(untwisted)  paii'  and  TWP  det\otes  the 
twisted  pair . 51 


IV 


FIGURE  PAGE 

“^-1  The  TWP  to  TWP  experiment . 

4-2  The  SWP  to  SWP  experiment  . .  57 

4-3  The  low-frequency  unbalanced  SWP  to 

unbalanced  SWP  configuration  .  64 

4- 4  The  low-frequency  approximation. 

(a)  Inductive-coupling. 

(b)  Capacitive  coupling .  65 

5- 1  The  balanced  TWP  experiment .  SS 

5-2  View  of  the  experiment .  89 

5-3  The  LF-428  transformers  .  . .  90 

5-4  View  of  the  experiment  at  X  =  0 .  91 

5-5  Cross-sectional  view  at  X  =  0 .  92 

5-6  Cross-sectional  view  at  X  =  Z  ......  .  93 

5-7  The  balanced  SWP  low-frequency 

approximation .  99 

A-1  A  general  (n  +  1)  conductor  line . 125 

A-2  The  single  generator  wire  to  straight 

wire  pair  (SWP)  receptor  configuration. 

(a)  Longitudinal  view. 

(b)  Cross-sectional  view . I32 

A- 3  The  unbalanced  SWP  generator  circuit 

to  unbalanced  SWP  receptor  circuit. 

(a)  Longitudinal  view. 

(b)  Cross-sectional  view  . 

A-4  The  single  wire  generator  circuit  to 

balanced  SWP  receptor  circuit. 


(a)  Longitudinal  view. 

(b)  Cross-sectional  view 


FIGURE  PAGE 

B-1  The  center-tapped  transformer  .  IA5 

3-2  The  transformer  windings . 146 

B-3  The  ea_uivalent  circuit . I50 

E-4  The  equivalent  circuit  with  its  primary 

winding  terminated  in  impedance  R.  .  .  .  I5I 

B-5  A  T  network . 153 

5-6  Equivalent  circuit  used  in  Chapter  V.  .  .  .  154 


LIST  OF  PLOTS 


All  plots  show  voltage  transfer  ratio  versus  frequency. 


PLOT 


PAGE 


-1 


3-0 


--1 


5-1 


5-2 


5-3 


(a)  -  (d)  Single  wire  to  unbalanced 

TWP  sensitivity  experiment  .  33-36 

(a)  -  (d)  Single  wire  to  unbalanced 

SWP  experiment . 41-44 

(a)  -  (d)  Unbalanced  SWP  to  unbalanced 

SIVP  experiment . 58-61 

(a)  -  (d)  Unbalanced  TWP  to  unbalanced 

TWP  sensitivity  experiment  .  68-71 


(a)  -  (d)  Comparison  of  single  wire  to 
unbalanced  TWP  and  unbalanced  TWP  to 
unbalanced  TWP,  high  readings.  .  .  .75-78 

(a)  -  (d)  Comparison  of  single  wire 
to  unbalanced  TWP  and  unbalanced 
TWP  to  unbalanced  TWP,  low  readings.  79  -  82 

(a)  -  (d)  Single  wire  to  balanced 

SWP  experiment . 95-98 

(a)  -  (d)  Single  wire  to  balanced  TWP 

sensitivity  experiment . 104  -107 

(a)  -  (d)  Comparison  of  single  wire 
to  unbalanced  TV/P  and  single  wire 
to  balanced  TVvP,  high  readings  .  .  .109  -112 

(a)  -  (d)  Comparison  of  single  wire 
to  unbalanced  TWP  and  single  wire 
to  balanced  TWP,  low  readings.  .  .  .II3  -  II6 


CHAPTER  I 


INTRODUCTION 

Electrical  devices  (computers,  radar  systems,  commun¬ 
ication  radios,  etc.)  are  interconnected  by  wires  on  most 
present  systems.  Electromagnetic  fields  produced  by  the 
excitation  of  these  wires  will  cause  unintentional  coupling 
of  signals  onto  nearby  wires.  This  undesired  electromagnetic 
coupling  is  termed  crosstalk.  It  is  important  to  be  able 
to  determine  whether  these  crosstalk  signals  will  cause 
the  devices  at  the  ends  of  the  wires  to  malfunct/ion.  Wires 
are  often  grouped  together  in  cable  bundles  or  harnesses. 

The  close  proximity  of  wires  in  these  bundles  enhances 

the  possibility  that  the  crosstalk  levels  will  be  sufficiently 

large  to  cause  malfunctions. 

The  ability  to  predict  crosstalk  levels  and  the  means 
to  control  crosstalk  when  it  causes  a  problem  are  important 
to  optimum  system  design.  If  interference  of  this  type  is 
allowed  to  surface  during  final  system  tests,  a  costly  and 
time  consuming  retrofit  of  the  wiring  or  the  addition  of 
filters  and  other  interference  control  measures  may  be 
required.  .^Not  only  is  it  desirable  to  be  able  to  predict 
this  crosstalk  with  mathematical  models,  but  an  understand¬ 
ing  of  the  mechanism  of  crosstalk  is  essential  in  designing 
other  wiring  configurations  which  'will  reduce  the  level  of 
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Several  methods  of  reducing  crosstalk  have  been 
developed.  One  method  of  decreasing  the  electric  field 
coupling  onto  a  wire  is  to  surround  the  vvire(s)  v/ith  a 
cylindrical  metal  shield.  In  order  to  maintain  the  wire's 
flexibility,  the  shield  is  usually  a  braided  metal  covering. 
Disadvantages  of  shielding  wires  are  the  added  weight  to 
a  system  and  the  increased  complexity  of  manufacture.  Also, 
depending  on  how  the  shield  is  grounded  or  terminated,  it 
may  or  miay  not  provide  a  significant  reduction  in  crosstalk  [11]. 

The  use  of  pairs  of  wires  placed  in  close  proximity 
rather  than  a  single  wire  at  a  large  height  above  a  ground 
plane  return  reduces  crosstalk  caused  by  magnetic  coupling. 

To  explain  this  effect,  consider  the  case  of  two  wires  above 
a  ground  plane  (Figure  1-1).  The  excitation  of  the  generator 
v/ire  (and  ground  plane  return)  produces  electromagnetic  fields 
about  the  wire.  The  amount  of  magnetic  coupling  into  the 
receptor  circuit  is  proportional  to  the  area  (shaded  in 
Figure  1-1)  between  the  receptor  wire  and  the  ground  plane. 

This  is  because  the  time  rate-of-change  of  the  magnetic  flux 
which  penetrates  the  area  between  the  receptor  wire  and  its 
return  induces,  by  Faraday's  law,  an  FI^F  or  equivalent  voltage 
source  in  that  circuit.  This  EMF  induces  voltages  across  the 
loads,  3  and  S ,  ,  at  the  ends  of  the  circuit.  Extend  this 
concept  to  the  configuration  using  a  straight  wire  pair  (SV/P) 
as  the  receptor  circuit  (Figure  1-2).  Now  the  magnetic 
coupling  is  propcrtionai  to  the  smaller  area  between  the  two 
wires  of  the  Sl'r  [iJ. 
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A  further  reduction  of  the  magnetic  coupling  to  the 
receptor  circuit  can  be  gained  by  twisting  the  wires  of  the 
3Vj?  ,  resulting  in  a  twisted  wire  pair  (TiVP),  (Figure  1-3)  • 

Assume  that  the  loops  of  the  TV.'P  are  of  equal  dimension. 

The  m.agnetic  field  produced  by  the  generator  circuit  will 
cause  a  magnetic  flux  to  penetrate  each  loop  of  the  T'.vP . 

This  m.agnetic  flux  will  cause  EMF '  s  of  equal  m.agnitude  to  be 
developed  in  the  loops.  However,  since  wire  positions  are 
intercnanged  with  each  half  twist  of  the  T'dP ,  the  currents 
induced  by  the  EMF  of  one  loop  v/ill  cancel  the  currents  induced 
by  the  EMF  of  an  adjacent  loop.  Therefore,  if  there  are  an 
even  num.bar  of  loops,  it  would  seem  that  the  m.agnetic  field 
crcEstal:';  would  be  elim.inated.  For  an  odd  number  of  loops, 
t.-.e  crosstalk  due  to  miagnetic  field  coupling  would  be  dim.inished 
to  zr.e  extent  that  it  would  be  proportional  to  the  area  of  one 
loop  of  th.e  TV.'P  only  [l]. 

The  TV;?  configuration  of  Figure  1-3  is  referred  to  as 
unbalanced  with  respect  to  its  terminal  im.pedances.  By  un- 
balar.ced  ,  it  is  m.eant  that  at  a  particular  end  of  the  line, 
t.ne  im.pedance  wnicn  eacn  'wire  sees  to  ground  is  not  the  same 
[ j  .  Hence,  a  balanced  ccnf  igurati.cn  is  one  in  which  each 
wire  ce-c  tn-  came  impecance  to  ground.  It  is  generally 
ac'-.gte.:  t.aat  :;ai,ancing  t.ne  term.inations  of  a  TV.'?  provides  a 
f..r":.  reauction  in  crosstalk.  For  this  reason,  it  is  bocoming 

n  or  -  oaianceu  an  tnat  tnev  are  terminated  in  differential 


ns  IF 


GENERATOR  WIRE 


THE  PER-UNIT-LENGTH  MODEL. 
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The  tr3.nsrnissiori  line  equations  can  be  derived  fron'*  a 
IX  section  of  the  line  (Figure  2-3).  This  fX  ..action  is 
c/iaracterized  by  the  per-unit- length  parameters  of  the  line: 
the  self  inductances  of  the  generator  and  receptor  vires, 

a 

and  f ,  the  mutual  inductance  betv/een  the  tv/o  wires,  f ,  the 
self  capacitances  of  the  wires,  cq  and  ,  and  their  mutual 
capacitance,  c.^  .  The  transmission  line  equations,  as  IX  ^  0, 
are 


dV, (X) 

=  -  j  u  Lq  In  (X)  -  j  ^rri  ^ •‘O  (2-ua) 

d  V  p  X  ) 

s~y  “  “  j  ^  "^m  *^'0  (R)  ”  j  -^R  (^O  (2"“  —  d/' 


=  -  ■  ,JJ  (c^  +  Vq  (X)  +  j  '-0  Cj^  (2-Ic) 


(X) 


^'R  ^  ^^m)  (2-ld) 


In  order  to  simplify'  the  representation  and  manipulation 
Cl'  w rc-T. c IT. i s c  1  on  lino  oousvicnsi  tho  oon-unit - 

corcrc- c e ro  v;ill  be  recreaenced  in  natrix  form.  The  oer-unit- 
inductance  natrix  ic  deiined  by 


■j 
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CHAPTER  II 

LOV;-FREQUENCY  MODEL  FOR 
THREE-CONDUCTOR  LINES 

As  a  preliminary  to  any  further  examination  of  the 
TV/P,  a  sim.ple  low-frequency  model  of  the  crosstalk  for 
the  case  of  the  three-conductor  line  (Figure  2-1)  will  be 
presented  [13]-  The  concepts  involved  in  this  analysis 
are  important  in  explaining  the  crosstalk  of  TV/P '  s .  This 
low-frequency  model  was  developed  during  the  process  of 
solving  the  transmission  line  equations  for  the  three- 
conductor  line.  The  c^nnf iguration  consists  of  a  generator 
wire,  a  receptor  wire  and  a  third  conductor  which  will  be  re¬ 
ferred  to  as  the  reference  conductor  (Figure  2-2) .  The  total  line 
is  of  length  L  .  A  voltage  source  V  is  applied  between 
one  end  of  the  generator  wire  and  the  reference  conductor. 

One  is  then  usually  interested  in  determining  the  voltages 
V^(0)  and  induced  at  the  ends  of  the  receptor  wire. 

The  solution  of  the  transmission  line  equations  (and 
hence  the  Ic.v-f requency  model)  is  obtained  under  certain 
assumptions.  The  medium  surrounding  the  conductors  is 
homogeneous,  linear,  isotropic  and  lossless,  and  is 
characterized  by  perm.eability  u  and  permittivity  e  .  Also 
the  line  is  uniform  and  the  conductors  are  perfect. 
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I'l’or.  a  aingle  wire  to  an  unbalanced  Tlv'P  [12]. 

.  :r  certain  lo'.v- inoeaance  loads,  it  was  observed  that  the  cross 
tala  v/as  very  sensitive  to  slight  variations  in  line  twists, 
li'.eir  explariation  for  tliis  sensitivity  will  be  used  in 
llaaLter  IV,  waen  the  crosstalk  from  an  unbalanced  TWP  to  an 
ur-.balarvcea  '-’'.Vi  is  examined.  Finally,  Chapter  V  will  investi- 
.pate  ti.e  crosstalk  to  a  TWP  in  which  the  terminal  configura¬ 
tions  are  oalanced  by  means  of  a  center-tapped  transformer 
as  in  Figure  1-5- 


( a )  The  Unbalanced,  Twisted  Pair 
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The  "abrupt-loop"  model  represents  the  TWP  as  a  sequence  of 
vertical  loops  with  wires  alternating  positions  suddenly 
between  loops  (Figure  1-6).  Although  the  overall  line  is  still 
nonuniform,  each  loop  is  uniform.  The  voltages  and  currents 
at  the  ends  of  the  entire  line  can  then  be  determined  by 
combining  the  chain  parameter  matrices  of  the  loops.  These 
chain  parameter  matrices  relate  the  voltages  and  currents  at 
the  ends  of  the  loops,  so  in  combining  the  matrices,  the 
voltages  and  currents  associated  with  the  matrices  must  change 
positions  appropriately  to  account  for  the  wire  interchange. 

A  further  refinement  of  this  abrupt-loop  model  is  to 
somehow  approximate  the  twist  of  the  loops  of  the  TWP.  This 
can  be  accomplished  by  representing  each  loop  as  a  cascade 
of  uniform  segments  which  rotate  about  the  line  axis  in 
discrete  angular  increments  (Figure  1-7),  [3]. 

This  report  v/ill  investigate  several  TWP  configurations 
and  will  attempt  to  provide  some  understanding  of  the 
effectiveness  of  using  a  TWP.  Chapter  II  will  describe  the 
work  of  C.  R.  Paul,  where  he  examined  the  electromagnetic 
coupling  for  the  special  case  of  three-conductor  transmission 
lines  in  homogeneous  media  [13]*  In  determining  the  solution 
of  the  transmission-line  equations,  Paul  showed  that,  for 
sufficiently  small  frequencies,  the  crosstalk  can  be  modeled 
by  the  sum  of  inductive-coupling  and  capacitive-coupling 
contributions.  The  concepts  developed  in  this  simple  low- 
frequency  model  will  be  used  in  later  chapters  to  explain  the 
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The  r.onunif ornity  of  tne  T'.vP  makes  it  difficult  to 
calculate  per-unit-length  inductances  and  capacitances  of  the 
line,  which  are  essential  to  the  development  of  a  transmission 
line  model.  Perhaps  a  more  important  problem  v/ith  nonuniform 
lines  is  that  because  these  per-unit-length  parameters  are 
functions  of  the  line  axis  variable  (x),  the  resulting  trans¬ 
mission  line  differential  equations  are  nonconstant  coefficient 
(e.g.,  Bessel's  equation)  and  are  extremely  difficult  to  solve 
[IJ. 

One  TV.T  model  which  has  been  used  modifies  the  per-unit- 
length  parameters  of  the  SV/P  to  approximate  the  TWP.  The 
elements  of  the  inductance  matrix  are  determined  by  averaging 
the  values  obtained  for  a  line  tilted  at  an  angle  ©  with  the 
horizontal  over  angles  from  0  to  tt/  2  .  A  propagation  velocity 
of  the  TV.’?  is  calculated  to  account  for  the  fact  that  waves 
do  not  travel  down  the  line  at  the  speed  of  light,  but  slower 
than  the  speed  of  light  due  to  the  helical  twisting  of  the 
line.  This  propagation  velocity  is  based  on  the  line  pitch 
(the  num.ber  of  tv/ists  per  unit  of  line  length),  the  separation 
of  the  wires  of  the  pair  and  the  speed  of  light.  The  per- 
ur.it-lengtr.  capacitance  matrix  can  then  be  determined  using 
t;'.e  '.verageu  inductance  matrix  and  the  velocity  of  propagation 
c:  tne  line  [9J. 

An  apprcximaticn  to  the  solution  of  a  nonuniform,  line 
in  tc  model  the  line  as  a  cascade  of  uniform  sections  [1,10] 
lor.sicer  again  t;’.e  case  of  the  TWP  receptor  wire  (Figure  1-3)  • 
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Another  means  of  achieving  balanced  terminal  impedances  in 
TWP  circuits  is  through  the  use  of  center-tapped  transformers 
(Figure  1-5 ) • 

The  explanation  given  previously  showed  how  magnetic 
field  coupling  was  reduced  by  using  a  T’:JF .  However,  an 
electric  field  is  also  produced  by  the  generator  wire  and  it 
too  contributes  to  the  crosstalk.  If  it  were  possible  to 
determine  how  parameters  such  as  terminal  configurations  and 
physical  geometry  affect  each  component  of  the  crosstalk,  some 
qualitative  insight  could  be  gained  into  the  effectiveness  of 
TW? ' s  in  individual  situations.  It  would  be  beneficial  to  have 
accurate  models  for  predicting  the  crosstalk  to  or  from  TV/P '  s . 
This  would  enable  a  designer  to  deterr.ine,  quantitatively,  the 
effectiveness  of  TV/P's  when  they  are  used. 

Initial  attempts  to  model  TV/P's  were  concerned  with 
determining  the  magnetic  field  resulting  from  a  current  on  an 
infinitely  long,  isolated  TWP  [4]  -  [?].  The  usefulness  of 
this  model  is  limited,  however,  since  TV/P's  are  usually  in 
close  proximity  to  other  wires  as  well  as  structural  members 
such  as  an  aircraft  fuselage. 

One  of  the  problems  in  developing  a  model  for  TV/P's  is 
that  most  transmission  line  models  assume  a  uniform  line. 

Lines  are  said  to  be  uniform  if  cross-sectional  views  of  the 
line  at  every  point  along  the  line  are  identical  [Sj.  The 
TV/P  resem.bles  a  bifilar  helix.  Consequently,  it  is  not  a 
uniform  line. 


FIGURE  1-3.  THE  TWP  RECEPTOR  CONFIGURATION 
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The  solution  of  the  transmission  line  equations  is 
obtained  through  manipulation  of  the  chain  parameter  matrices 
[1,10],  which  relate  the  voltages  and  currents  at  one  end  of 
the  line  to  those  at  the  other  end  of  the  line,  and  through 
utilization  of  the  terminal  conditions  of  the  line.  The 
terminal  networks  are  given  by  Generalized  Thevenin  Equivalents 
[8]: 


(0) 

^  “  °0G  ^G 

(2-7a) 

{D 

3^G  -g 

(2-7b) 

(0) 

■^OR 

1 

o 

(Z) 

=  2^r  Ir  U) 

(2-7d) 

Paul's  solution  of  the  transmission  line  equations  gives  exact, 

literal  expressions  for  V  (0)  and  V_(Z.)  [13]  • 

R  R 

It  is  important  here,  however,  to  note  that  if  the  total 

line  is  electrically  short  and  the  terminal  impedances  are 

frequency-independent,  then  as  the  frequency  becomes  sufficiently 

small,  the  exact  equations  for  Vo(0)  and  V„(0  can  be  aporoxi- 

K  K 


mated  by 
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and  I„  are  the  zero-frequency  (DC)  values  of  the 
uC  UO 

generator  wire  voltage  and  current 
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Ip  -  tl  ry,-<  a  t  ^  V 
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(2-9b) 


Thi.  is  called  the  low-frequency  model  because  of  the 
criteria  that  the  line  is  electrically  short  and  that 
frequency  is  sufficiently  small. 

Notice  that  the  equations  for  the  receptor  voltages 
are  separated  into  two  parts  -  one  dependent  on  Z  jfi  and  the 
otner  on  c^.  The  part  of  the  receptor  voltage  dependent  on 
the  per-unit-lengah  mutual  inductance  bet'.veen  the  two 
circuits,  is  generally  termed  the  inductive-coupling 

ccntrio  Mt  i:r.,  and  the  part  dependent  on  the  per-unit-length 
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mutual  capacitance  between  the  two  circuits,  c^,  is  the 
capacitive-coupling  contribution.  Thus,  the  equation  for 
Vp(0),  for  example, can  be  written 


(0)  = 


Vr  (0) 


IND 


"  Vr  (0) 


CAP 


(2-10) 
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Equation  2-10  (and  a  similar  equation  for  Vr(Z))  could  also 
be  derived  from  a  luw-f requency  approximation  to  the  re¬ 
ceptor  circuit  (Figure  2-4),  where  Vr(0)  (or  Vr(Z))  is 
obtained  as  the  superposition  of  the  effects  of  the  two 
sources . 

The  possibility  that  the  contribution  from  one  type 
of  coupling  -  inductive  or  capacitive  -  might  be  dominant 
over  the  contribution  from  the  other  type  of  coupling  in 
the  determination  of  the  receptor  voltages  is  evident  in 
Equations  (2-10)  and  (2-11).  For  "low-impedance"  leads 
the  inductive-coupling  dominates  the  capacitive-coupling 
contribution  and  for  "high- impedance"  loads  the  capacitive- 
coupling  is  dcm.inant .  An  understanding  of  what  is  m.eant 
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by  "low-impedance”  or  "hign-impedance "  loads  can  be 
gained  through  examination  of  Equations  (2-8),  The 
inductive-coupling  contribution  is  dominant  in  Vj^(O)  when 

-.n»  ^LK  ha 


This  can  also  be  expressed  as 


where  generally  referred  to  as  the  character¬ 

istic  impscance  of  the  generator  (receptor)  in  the  presence 
of  the  receptor  (generator)  circuit  [13]*  Similarly, 
the  inductive-coupling  contribution  in  (Z)  is  dominant 
v/hen 
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or 


Thus,  '.vhen  the  above  inequalities  hold,  the  configuration 
is  sail  to  have  " lov/- impedance "  loads.  Capacitive-coupling 


26 


I 


is  doninant  when  the  above  inequalities  are  reversed. 

The  dominance  of  one  type  of  coupling  over  the  other  can 
be  illustrated  graphically  (Figure  2-5). 

The  concept  of  separating  crosstalk  into  inductive- 
coupling  and  capacitive-coupling  contributions  for 
sufficiently  small  frequencies  as  developed  for  the 
simple  three-conductor  line  configuration  will  be  applied 
to  the  tv/isted  wire  pairs  investigated  later  in  the  paper. 

As  will  become  evident,  this  concept  is  very  important  in 
understanding  the  mechanism  of  coupling  in  T’.vP '  s .  Also, 
this  separation  of  the  crosstalk  allov/s  the  simple  illustra¬ 


tion  and  calculation  of  certain  crosstalk  results  for  T'.v'P's. 


COUPLING  IN  THE  LOW-FREQUENCY  MODEL,  (a)  LOW- IMPEDANCE 
LOADS.  (b)  HIGH-IIVIPEDANCE  LOADS. 
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CHAPTER  III 

CROSSTALK  IN  THE  UNBALANCED 
TWISTED-PAIR  CONFIGURATION 

The  use  of  twisted  wire  pairs  to  reduce  crosstalk  was 
described  in  the  Introduction.  The  purpose  of  this  chapter 
is  to  review  the  wo'^ks  of  C.  R.  Paul  and  M.  B.  Jolly 
wherein  the  configuration  investigated  was  a  single  wire 
with  ground  return  as  the  generator  circuit  and  an  unbalanced 
TV/P  as  the  receptor  circuit.  That  work  has  direct  bearing 
on  the  coupling  investigations  of  this  report.  Their  v/ork 
showed  that,  for  certain  loads,  the  crosstalk  level  of  the 
TVJP  shewed  large  sensitivity  to  minor  variations  in  line 
tv/ist.  This  sensitivity  to  line  twist,  which  will  be 
explained  later  in  the  chapter,  also  appears  in  the  TVJ?  line 
configurations  investigated  for  this  report.  The  application 
of  the  theory  developed  by  Paul  and  Jolly  to  other  TWP  con¬ 
figurations  will  be  examined. 

The  experiment  performed  by  Paul  and  Jolly  is  outlined 
beiov/  (see  Figure  3-1).  The  generator  wire  and  the  TWP  were 
suspended  2  cm  above  a  1/8  inch  thick  aluminum  ground  plane 
and  v/ere  separated  from  eacr.  other  by  2  cm.  The  positions  of 
the  generator  v/ire  and  the  TV/P  were  supported  above  the 
ground  plane  by  styrofoam  blocks  placed  along  the  line.  The 
line  length  was  ‘’■•■.705  m.  All  wires  were  ifZZ  gauge,  stranded, 
with  polyvinyl  cnloride  insulation  approximately  Id  mils  thi: 


IGURE  3-1.  THE  SINGLE  WIRE  TO  UNBALANCED  TWP  EXPERIMENT 


r.iiiini.r:;  jeiitei'  -  to  -  center  separation  oetv/een  the  v/ires 


-  .vas  37.3  milr.  The  T'u?  contained  approximate iy 
r./ists,  v.nich  corresponds  to  a  pitch  of  about  7 


ji:.usci:al  generator  v.-as  connected  at  the  left  end 
c.-  lln.e  Lbiv.een  the  generator  wire  and  the  ground  plane. 
.;;f,;t  vcitage  was  referred  to  as  Identical 

t....'.  ;e  valk.es  were  used  for  all  loads.  It  was  not  required 
.11  resistances  to  be  equal,  but  they  were  chosen  equal 
.r^itate  the  analysis  of  the  results.  During  the  course 
.e  excerir.ent  four  resistances  v;ere  used  to  terminate  both 
,  r,  -  ^  ,  3  r.  ,  5D  7  and  1  kP,.  The  TVi?  was  unbalanced 
rest,e.tt  to  its  terminal  conf  igurations .  The  right  end 
i:,-  IV.'r  war  ungrcunaed  and  one  wire  at  the  left  end  of  the 
a.:  conn.ectea  to  ground.  The  voltage  across  the  left  end 
.;'.:^iion  cf  tne  TV.?  was  measured  and  was  referred  to  as 
l.-.v  vr;.tage  transfer  ratio  was  then  defined  by 
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analyzer  was  used.  For  R  =  1  RQ,  a  Kewlett-Packara  Hr  3ICCA 
rms  voltr.ezer  was  used  to  measure  V  at  all  freauencies. 

O  U 

An  HP  3^00A  rms  voltmeter  was  also  used  to  monitor  V.  for 

i.  n. 

all  frequencies  and  termination  resistances. 

The  sensitivity  experiment  proceeded  in  the  following 
manner.  VJith  load  resistances  of  R  =  1  P.  ,  the  EllC-2~  was 
connected  to  measure  and  was  tuned  to  a  frequency  cf 

15  kHa .  The  right  end  of  the  TWP  was  rotated,  no  more  than 
130°,  until  the  maximum  reading  on  the  EwC-25  was  found. 

V.ith  the  TV/P  fixed  at  the  position  of  the  maximum  reading, 
measurement  of  the  voltage  transfer  ratio  over  the  entire 
frequency  range  was  obtained.  Then,  v/ithout  disturbing  the 
line,  the  R  =  IP  resistances  were  rem.oved  and  replaced  with 
R  =  3  P  resistances  and  measurements  were  again  taken  over  the 
entire  frequency  range.  The  R  =  50  P  R  =  1  k  P  measurements 

were  taken  for  the  TWP  in  the  position  for  the  maximum  reading 
obtained  for  R  =  1 P  .  It  is  important  to  emphasize  that  the 
readings  for  the  four  different  resistance  values  were  obtained 
'without  disturbing  the  TV/P  from  its  position  of  the  maximum 
reading  for  R  =  IP  and  f  =  15  xhe !  These  measurements 
ocnstitute  the  high  sensitivity  readings. 

To  obtain  the  io'w  sensitivity  readings,  the  R  =  IP 
resistances  were  again  attached  and  the  EIuC-25  'was  connected 
and  tuned  to  15  I.’.e  rignt  end  of  the  TV/?  -was  again  rotate 

0^,  untrl  a  minim’um  response  'was  :.::'und  or.  tne 


no  mere  than 


5.r’.j  i  k  C,  were  taken  witnC'Ut  iisture-in^  the  T'.^'r  from  the 
cceiticn  of  the  minirr.um  reading. 

Piets  -  3-l(f)  the  exeeri-ental  results. 

;;:te  tnat  in  Plot  3-i(a),  v/here  R  =  IP  ,  tne  difference  in 
the  voltage  transfer  ratio  between  tne  hign  readings  and  the 
low  readi!':s:s  was  as  large  as  If  '-iS*  That  is,  a  slight  vari¬ 
ation  in  the  line  twist  -  no  more  than  ISO"^  -  changea  the 
crosstalk  level  induced  cr.  tne  TViP  bg'  as  much,  as  35  d3 !  The 
res...its  for  R  =  3  are  given  in  Plot  3-l(b).  For  this  case, 
sen.sit ivitg-  of  the  line  to  twist  was  reduced  to  a  20  d3 
oifference.  Plots  3-l(c;  and  3-i(d)  give  the  results  for 
R  =  ;G  r,  and  R  =  1  kg  ,  respectively',  and  show  virtually  no 
oer.sitivity  to  twist. 


In  :rio:r  t:  •.'r:vi;:-  m.  _a.n:it ion  for  tnese  sensitivity 
h’.l  :--:.'ceDtor  circuit  be  replaced  by  a  pair 
parallel  wires,  the  straight  wire  pair  or  SV.'P,  with 
t^.r.vinal  configurations  remaining  the  same  (Figure  3-2). 
...;s.,r-.o  that  the  plane  ccntainir.g  the  two  wires  of  the  SV.'P  is 
r.nrvilei  to  tne  grouna  plane,  so  that  both  wires  are  2  cm 
/v'  .u.c  t;;o  -r.tire  lengtn  of  tne  line.  Lixe  the  ThP, 


-  a-  ^  — 


2r6su,I.'n3«  -Kis  csn  'os  sssn 


=  -2U). 


'e  su±t  s , 


..zv:,  r-i'-urr.  to  raul  and  Jolly's  experi.^enoal  configuration 
,ri„'-;r-^  v.'ith  the  TV.’?  as  the  receptor  circuit.  A  low- 

f  r 9 e 0. c'.'  model  similar  to  that  of  the  SV.’F  can  be  obtained 
vrigure  E‘  represents  the  niiF  induced  in  a  half-tvvist 

of  the  IJ? .  As  mentioned  in  the  Introduction,  the  EilF  is  a 
result  of  the  time  rate-of-change  of  the  magnetic  flux,  , 
penetrating  the  loop.  The  magnetic  flux  is  produced  by  the 
cTeneratcr  v/ire  current.  The  mutual  inductance,  f''  ,  betv/een 
tr.e  generator  '.vire  and  the  loop  can  be  found  by 
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If  the  TUP  consists  of 
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5HP  EXPERIMENTfiL. ...  a 
TRRNSMISSION  LINE  MODEL. 


SHP  EXPERIMENTAL _  A 

TRANSMISSION  LINE  MODEL. 


PLOT  3-2(c) 


SWP  EXPERIMENTAL.  ...  a 
TRANSMISSION  LINE  MODEL. 
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In  oraer  to  evaluate  this  lo'.. -frequency  prediction  of  the 

crosstalk,  an  experiment  was  performed  similar  to  that  of 

Paul  and  Jolly's,  only  an  SV/F  receptor  circuit  v/as  used  instead 

of  a  TV.'P  receptor  circuit.  Also,  the  line  length  was  4.674m. 

The  Sl/F  experimental  results  are  given  in  Plots  3~2(a)  - 

TNA  TAP 

3-2(d).  The  values  obtained  for  V  and  V  as  defined 

by  Equations  3~2  through  analysis  of  the  low-frequency  model 
have  been  added  to  the  plots.  Also,  a  computer  program  was 
written  to  calculate  the  voltage  transfer  ratio  for  the  S'.v'P 
via  a  transmission  line  model,  which  does  not  require  that  the 
frequency  be  small.  The  transmission  line  model  assumed  perfect 
conductors  and  neglected  the  dielectric  insulation  of  the  v/ire . 
This  transm.ission  line  model  is  explained  in  Appendix  A.  The 
results  of  the  transmission  line  model  are  given  in  Plots 
3-2(a)  -  3-2(d).  As  can  be  seen,  the  low-frequency  model  and 
the  transTiission  line  model  provide  adequate  predictions  of 
the  crosstalk  to  the  Sift'?.  Some  error  is  probably  due  to  the 
fact  that  neither  model  accounts  for  lossy  conductors.  This 
is  particularly  important  for  tiie  low  impedance  case,  R  =  in  . 
Also,  been  models  assume  a  hom.ogeneous  media.  That  is,  they 
neglect  the  presence  of  the  -wire  insulation.  Although  the 
perm.eability  of  the  wires'  insulation  is  close  to  thae  of 
free  space,  the  permittivity  is  not.  Both  m.odels  assur.e  the 
characteristics  of  free  space.  Since  the  relative  perm.ittivity 
of  the  insulation  provides  the  only  significant  error  in  this 
assumiption,  it  Piakes  sense  then  when  the  capacitive-coupling 
contribution  is  domiinant,  the  predictions  will  be  less  tnan 


IGURE  3-3.  THE  UNBALANCED  SWP  LOW-FREQUENCY  APPROXIfMTION . 
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wire  can  be  separated  into  inductive-  and  capacitive-coupling 
contributions,  similar  to  the  three-conductor  line  case 
discussed  in  Chapter  2,  and  can  likewise  be  represented  by 
a  low-frequency  circuit  (Figure  3-3)*  Then 


and  are  the  dc  values  of  the  generator  voltage  and 

^DC 

current ; 


V. 

in 


(3-3a) 


V. 

in 


(3- 3b) 


liotice  that  the  current  source  attached  to  the  grounded  wire 

CAP 

of  the  SV/P  does  not  affect  V  ,  .  The  outout  voltage, 

out  *  ° 

V  ^  ,  of  the  3'.;?  is  given  by 
out  ° 

IND  CAP 

V  =  V  ^  +  V  ^  (3-^) 
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V  ,  can  be  written  as 
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which  is  the  sane  result  for  capacitive-coupling  v/hich  was 

CAP 

Ob  Gained  for  V  ,  with  the  SVJP  as  the  receotcr  circuit, 
out 

The  voltage  is  the  sun  of  the  inductive-coupling  contri¬ 

bution  and  the  capacitive-coupling  contribution. 
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In  order  to  differentiate  betv/een  the  SIVP  and  the  T'.vP 
results,  let  Equations  3"^  ^.nd  j-12  be  written,  respectively, 
as 
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From  tne  explanation  given  above,  note  that 
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Now,  to  explain  the  sensitivity  results,  note  that,  for 
an  even  nu.Tiber  of  half-tv/ists ,  twisting  the  wires  drops  the 
total  crosstalk  level  from  the  sum  of  the  two  S'N?  coupling 
contributions  to  the  capacitive-coupling  contribution  only; 
the  inductive  coupling  is  (ideally)  reduced  to  zero  by  the 
twdst.  For  an  odd  number  of  half-twists,  the  TIVP  crosstalk 
level  is  that  same  capacitive-coupling  contribution  plus  the 
inductive-coupling  contribution  due  to  only  one  half-twist. 

Thus  for  the  case  of  lov/- impedance  loads,  such  as  1  n  and 

T  •  r  rj  PAP 

3  n  ,  where  S\v?^  ')’>  S17?  ,  twisting  the  wires  drops  the 

crosstalk  levels  significantly.  However,  since  the  inductive- 

coupling  contribution  of  one  half-twist  of  the  T’.v?  is,  by  the 

above  analysis,  assumed  to  be  greater  than  Tlv?  (=SbT  ), 

the  crosstalk  level  of  the  line  shov/s  a  sensitivity  to  miner 

variations  in  line  twist  due  to  the  changing  inductive-coupling 

contribution.  For  these  low- impedance  loads,  the  low  readings 

CA^  ' 

are  equal  to  TV.'F  *  (=SV/F'"  "  )  .  The  high  sensitivity  readings 

XND 

are  equal  to  the  suir^  of  ,  due  to  one  half-tv;ist,  and 

r  A'^ 


For  the  case  of  high- impendance  loads,  such  as  R  =  50^  > 

fwisting  one  wires,  for  an  ode  or  an  even  num.ber  of  half- 
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greaser  than  ITF*'**^.  Since  for  this  configuration  is 
apparently  not  dependent  on  line  twiss,  the  crosstalk  level, 
r^^sented  by  the  voltage  transfer  ratio,  will  cnew  r:  sensitiv 
t?  '/ariaticn  in  line  tv/ist.  For  the  ver;.'  rigr.-im 

IT  r'"V'0'd^,nv->  ^  4.,.-,, 
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tile  v.'ires  drops  the  inductive-coupling 
crosstalk  level  remains  at  that  due  to 


contribution,  the 

Of  course , 


r 


in  onis  case,  there  is  no  sensitivity  to  line  f.vist  . 


Ti'.ese  concepts  of  the  determination  of  tne  crosstalk 
are  given  graphically  in  Figure  3-5  •  Also,  the  actual 
values  of  S'.,'?  and  SV.'P""  ,  calculated  using  Equations  5“2, 

have  been  added  tc  Plots  3-1  to  give  additional  clarity  to 
the  concerts  described  above. 


The  sensitivity  to  line  twist  exhibited  by  the  low- 
impeoance  loads  in  the  experiments  of  Paul  and  Jolly  leads 
tc  a  problem  in  the  development  of  a  model  to  predict  the 
crosstalk  levels  of  TV,'? '  s .  Since,  in  a  practical  situation, 
the  fact  that  there  is  an  even  or  an  odd  number  of  half- twist s 
is  not  taken  into  account  w'hen  installing  a  TV/P,  it  is  not 
possible  to  predict  the  inductive-coupling  contribution.  It 
seems  thas,  for  tne  low-impedance  loads,  the  best  that  could 
be  ncped  for  v.'ould  be  a  model  which  could  determine  upper 
bounds  on  Tw'P  crosstalk  levels. 


The  tiieory  developed  by  Paul  and  Jolly  to  explain  the 
sensitivity  found  in  their  T'J?  receptor  circuit  experiment  v/ill 
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IGURE  3-3.  AN  EXPLANATION  OF  THE  SENSITIVITY  TO  TWIST.  SWP  DENOTES  STRAIGHT  WIRE 
(UNTWISTED)  PAIR  AND  TWP  DENOTES  THE  TWISTED  PAIR. 


53 


CHAPTER  IV 

THE  UNBALANCED  TL'ISTED-PAIR 
GENERATOR  AND  RECEPTOR  CIRCUITS 

Chapter  III  described  the  work  of  C.  R.  Paul  and 
h.  B.  Jolly  where  they  examined  the  crosstalk  into  an  un¬ 
balanced  twisted  wire  pair  (TVJP)  receptor  circuit  caused  by 
the  excitation  of  a  single  wire  v/ith  ground  return  generator 
circuit.  With  this  configuration,  they  found  that  for  certain 
lo’.v  impedance  loads  the  crosstalk  level  in  the  TV/P  was  very 
sensitive  to  slight  variations  in  line  tv/ist.  This  sensitivity 
was  explained  through  the  concept  that  inductive  coupling  is 
dependent  on  the  amount  of  twist  in  the  line  whereas  the 
capacitive  coupling  appeared  to  be  insensitive  to  twist  because 
of  the  terminal  configurations.  In  this  chapter,  the  configu¬ 
ration  which  consists  of  an  unbalanced  TWP  as  the  generator 
circuit  as  well  as  an  unbalanced  TIVP  as  the  receptor  circuit 
is  examined.  It  is  expected  that  this  configuration  will  show 
a  similar  sensitivity  to  variation  in  the  receptor  TWP  twist. 

The  experiment  which  was  performed  in  order  to  analyze 
this  TV;P  to  T'.v?  crosstalk  was  identical  to  the  experiment 
conducted  by  Paul  and  Jolly  [12]  as  much  as  possible.  For 
uhe  TW?  to  TWP  experim.ent  (Figure  A-i),  the  receptor  and 
generator  circuits  v/ere  suspended  2  cm  above  an  aluminumi 
ground  plane  and  were  separated  from  each  other  by  2  cm. 

The  v.’ire  positions  v/ere  held  constant  through  the  use  of 
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styrofoam  blocks.  All  v/ires  were  #22  gauge,  stranded,  so 
that  the  minimum  center-to-center  separation  of  the  v/ires 
of  either  generator  or  receptor  TV.'P  was  57  •  3  tiils .  The  line 
length  for  this  experiment  was  4.6l  m.  The  generator  TV«P 
contained  95  full  twists  and  the  receptor  TWP  contained  100 
full  twists. 

As  was  the  case  for  Paul  and  Jolly’s  experiment,  identi¬ 
cal  resistances  were  used  for  all  loads  and  the  experiment 
was  conducted  for  four  values  of  resistance:  R  =  in  ,  JtQ  , 

50  n  and  1  k  .  However,  in  this  experiment  both  generator 
and  receptor  circuits  were  TV/P's  which  were  unbalanced  with 
respect  to  their  terminal  configurations.  A  sinusoidal 
generator  was  attached  between  the  two  wires  of  the  generator 

TV/P  at  the  left  end  of  the  line  and  was  denoted  V.  .  One 

in 

wire  at  the  left  end  of  the  generator  circuit  was  connected 
to  ground.  The  right  end  of  the  generator  circuit  was 
ungrounded.  The  right  end  of  the  receptor  circuit  was  also 
ungrounded  and  one  wire  at  the  left  end  of  the  receptor  TWP 
was  connected  to  ground.  The  voltage  across  the  left  end 
termination  of  the  receptor  TWP  was  referred  to  as  V 
The  voltage  transfer  ratio  was  again  defined  by 

V 

voltage  transfer  ratio  =  ^  (#-l) 

^  in 

l-ieasurements  v/ere  taken  in  the  frequency  range  of 
1  kHa  to  ICO  VJis  in  steps  of  1,  I.5,  2,  2.5,  3,  5,  6,  7, 
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8,  9»  for  each  decade  of  frequency.  The  measurenent  equip¬ 
ment  and  technique  was  the  same  as  that  of  Paul  and  Jolly 
as  described  in  Chapter  III  except  that  an  HP3^00A  rms 
voltmeter  was  used  to  measure  whenever  the  signal  v;as 

large  enough  in  the  frequency  range  50  kHa  to  1  iffie .  Also, 

V  and  V.  were  both  determined  by  an  HP8A05A  Vector  Volt- 
o  u  u  iri 

meter  for  all  resistance  terminations  at  frequencies  above 
1  I-IHa. 


The  experiment  was  first  performed  v/ith  both  generator 
and  receptor  circuits  as  straight  wire  pairs  (Figure  4-2). 

The  SWP's  were  placed  in  a  horizontal  position,  so  that  the 
plane  containing  the  four  wires  was  parallel  to  the  ground 
plane.  The  two  wires  of  each  SViiP  v/ere  separated  only  by 
their  insulation,  so  their  center-to-center  separation,  A  > 
was  57*3  mils,  measurements  of  the  voltage  transfer  ratio 
were  taken  over  the  entire  frequency  range  for  all  four 
values  of  resistance.  The  results  are  given  in  Plots  4-l(a)  - 
(d). 

For  sufficiently  small  frequencies,  the  crosstalk 
induced  in  the  receptor  SIVP  due  to  excitation  of  the  generator 
SVjP  can  be  modeled  using  the  concepts  of  inductive-coupling 
and  capacitive-coupling  described  previously.  For  this 
SVj?  to  SV;P  case,  the  per-unit-length  inductance  matrix 
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SWP  EXPERIMENTAL.  ...  a 
TRANSMISSION  LINE  MOOEL. 


PLOT  4-1 (a) 


SWP  EXPERIMENTRL.  ...  a 
TRRNSMISSION  LINE  MODEL. 
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nave  beer,  added  to  Plot 
v;as  very  difficult  to  find  the  minimum  response  for  R  -  1  fc  . 
Subsequently,  ti'.e  experiment  was  set  up  again  and  the  minimum 
respcr.se  was  again  found.  Readings  were  taken  and  it  'was 
found  that  these  mini.mum  readings  v;ere  better  predicted  by 
the  capacitive-coupling  floor.  However,  in  order  that  the 
line  be  exactly  the  same  as  for  the  maximum  readings  (except 
for  the  slight  variation  in  line  twist)  the  original  minimum 
readings  are  the  ones  plotted. 

TVj?  generator  circuit,  the  experimental  measurements  of  this 
chapter  .cave  been  plotted  against  those  of  Paul  and  Jolly's 
experiment.  The  comparison  of  the  high  readings  is  given  in 
Plots  u-3(a)  -  4- 3(d).  The  low  readings  are  given  in  Plots 
u-d(a)  -  d-4(d).  Althougn  the  results  obtained  using  a 
TV.'?  em.itter  v/ere  for  the  most  part  lo'.ver  than  those  obtained 
using  a  single  wire  with  ground  return,  there  was  not  a 
significant  reduction  in  crosstalk. 


■;is  rac.''.  c:  a  significant  reduction  in  crosstalk  is 
:.t  surprising.  From  an  intuitive  point  of  viev/,  it 
:eem.  that  t.ne  use  of  the  Sb?  generator  circuit,  'where 
:urr.  .icn'.eratcr  current  travels  alo.ng  a  'wire  in  close 
. ty  to  the  '/.'ire  on  '/.'.•''.ich  the  current  was  sent,  'would 
;  a  greater  recucticn  in  inductivo-couclins:  than  '.vhen 
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The  sensitivity  results  can  be  explained  in  the  following 

.T.anner.  For  the  low-impedance  loads,  R  =  1^^  and  R  =  3^  . 

SWP  is  greater  tnan  .  V/hen  the  receptor  and  general  or 

wires  are  twisted,  the  inductive-coupling  contribution  is 

dropped  to  Thus  for  an  even  number  of  half-twists, 

where  =  0,  the  total  crosstalk  level  is  determined 

by  (=Sh'P*^“^).  For  an  odd  number  of  half-twists,  the 

crosstalk  level  is  the  sum  of  which  is  determined  by 

PAP  ^  A  P 

one  half-tv/ist  of  the  line  only,  and  TVj'F  (=S'JP'"  ).  So 

if  is  greater  than  or  equal  to  TWP^^^ ( =SV/P^"^ ) ,  it 

would  be  sensible  to  assume  that  the  high  sensitivity  readings 
were  taken  when  the  TV.'P  consisted  of  an  odd  num.ber  of  half¬ 
twists.  The  lov/  sensitivity  readings  would  then  have  been 
taken  v;hen  the  TVJP  consisted  of  an  even  number  of  half-twists, 
so  that  the  crosstalk  level  was  determined  by  the  capacitive- 
coupling  floor. 


For  the  case  of  the  high-impedance  loads,  R  =  50S  and 

PAP  IND 

R  =  1  k  Q  ,  notice  that  SWP  is  greater  than  S'uP  .  The 
output  voltage  for  the  SViP  is  effectively  determ.ined  by 

for  both  of  these  impedances.  Twisting  the  wires  further 
reduces  the  inductive-coupling  contribution  to  the  point  v/here 
it  13  very  muon  less  than  the  capacitive-coupling  contribu- 
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acit  ive- 


nfiguration  is  assumed  to  be  insensitive 
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receptor  T'.VP ,  V 


out 


is  equal  to  zero.  lor  an  odd  number 


Tixjr 

of  looDs  in  the  receptor  Tv/P,  V  ^  is  equal  to  the  amount 

CUL 

of  inductive  coupling  to  one  half-t'.vist  of  the  line  only. 

IND 


Therefore,  if  V 


out 


for  tne  TV/P  configuration  is  written 


Tl-iP 


IND 


(--7) 


The  capacitive-coupling  contribution  of  the  TV/P  to 
TV/P  configuration  is  approximately  the  same  as  that  for  the 
SV/P  to  Sl/P  configuration.  Since  R2  is  grounded,  any  current 
sources  attached  to  R2  will  not  affect  TV/F^^^  (or  )  , 


Also,  is  ecual  to  zero,  so  any  current  source  deoendent 

on.  'A_  does  not  affect  TV/?^"^  (or  SV/P^"^).  Therefore,  if  the 
TIP  is  "untv.’isted " ,  it  is  found  that  the  current  sources 

n  Z- 

wr.ich  determine  TV/?^^*  alternate  with  each  half-twist  between 
that  depen.dent  on  and  •  Since  is  approximately 

ecual  to  then  the  caoacitive-couoling  contribution  to 

*  U  ^  A  ^  ^ 

the  crosstalk  for  the  TV/P  is  approximately  the  same  as  that 
for  t'c.e  3Vj?  (Equation  d-d  b),  so 


.WT.CAP 


'Outage  I  or  tne  receptor  TV/P  is  given  by 


\^-b) 


(d_9) 


-A 


.Li 


SENSITIVITY  EXPERIMENT 


PLOT 


SENSITIVITY  EXPEB 


5EN5ITIVITr  EXPERIMENT 


SENSITIVITY  EXPERIMENT 


PLOT  4-2(a) 


occurs  in  this  situation,  the  experiment  v/as  performed  in 
the  following  manner.  Viith  load  resistances  of  R  =  1  n  ,  the 


EMC-25  was  attached  to  measure  and  v/as  tuned  to  15  kHa . 

The  right  end  of  the  receptor  TV.'P  was  rotated  -  no  more  than 

180°-  until  a  maximum  response  for  V  ,  was  obtained.  V/ith 

the  Tb'P  in  the  position  of  this  maximum  reading,  measurements 

of  the  voltage  transfer  ratio  v/ere  taken  for  all  four  impedance 

values.  These  measurements  constitute  the  high  sensitivity 

readings  for  this  configuration.  Again,  with  load  resistances 

of  R  =  1  n  ,  the  £1.10-25  was  attached  to  measure  V  ^  and  was 

ou  i. 

tuned  to  15  kHa.  The  right  end  of  the  receptor  TV/P  was 
rotated  this  time  until  a  minimum  response  v/as  found.  These 
low  sensitivity  readings  were  taken  for  all  four  impedance 
values  with  the  TV/P  in  the  position  of  this  minimum  reading 
for  R  =  12  . 

The  results  of  the  sensitivity  experiment  are  given  in 
Plots  i-2(a)  -  A-2(d).  Notice  that  the  crosstalk  level 
measured  for  the  low  impedance  loads,  R  =  12  and  R  =  32  , 
showed  a  large  sensitivity  to  variations  in  line  twist.  For 
the  high  impedance  loads,  R  =  5^2  and  R  =  1  k2  ,  the  line 
shov.'ed  virtually  no  sensitivity  to  variations  in  line  twist. 


Chapte 

First 

u  .V  j.  w  O 

to  be 


he  theory  developed  by  Paul  and  Jolly  as  described  in 
r  III  can  be  used  to  explain  these  sensitivity  results, 
examine  the  inductive-coupling  contribution.  If  the 
of  the  generator  I;/P  and  tiie  receptor  TV/P  are  assumed 
aligned,  then  for  an  even  num.ber  of  half- twists  in  the 
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effects  of  ^G2R2‘  output  voltage,  of 

the  SV;P  is 


V 


out 


V  +  Y 

out  out 


(^-5) 


In  order  to  differentiate  the  SUP  to  SV/P  crosstalk  from  the 
TUP  to  TV/P  crosstalk  to  be  discussed  later  in  this  chapter, 
Equation  4-5  is  rev/ritten  as 


SUP  =  SV/P^^'^  +  SUP*"^^ 


(4-6) 


The  results  of  the  lov/-frequency  analysis  of  the  SUP 
to  SUP  configuration  as  described  above  have  been  added  to 
Plots  4-l(a)  -  U-l(d).  Also,  the  transmission  line  model 
outlined  in  Appendix  A  was  adapted  to  calculate  the  voltage 
transfer  ratio  of  this  SUP  to  SUP  configuration  and  those 
results  have  been  added  to  Plots  4-l(a)  -  4-l(d)  .  Notice 
that  for  the  lower  frequencies,  the  low-frequency  model  and 
the  transmission  line  model  yield  virtually  the  same  results. 
As  the  frequency  increases,  however,  the  transmission  line 
model  continues  to  provide  adequate  predictions  of  the 
experiments  results,  but  the  low-frequency  model  does  not. 

After  measurements  of  the  SU'P  to  SUP  configuration  were 
taken  for  all  four  impedance  values,  the  TV.'?  to  TU'P  configura¬ 
tion  v/as  constructed.  In  an  effort  to  determine  whether  the 
sensitivity  that  Paul  and  Jolly  observed  in  their  work  also 


The  d  c  voltages  and  currents  of  the  generator  v/ires 
(Figure  4-3)  are  given  by 


(4-3a; 


(u-3b) 


(4-3c ) 


(^-3d) 


Low-f reo^uency  circuits  can  be  derived  to  represent  the 
inductive-coupling  contribution  (Figure  4-4(a))  and  the  capa¬ 
citive-coupling  contribution  (Figure  4-4(b))  in  the  receptor 
circuit.  Then 


“or  “ZR  ^  ^^GlRl  ■  ^G2R1  "  '^GIRZ  '^G2R2^  “  ^G1 


(4-4a) 


O'-  o  ■*' 

uR 


’ZR  j  ‘^GlRl 


(4-4b ) 
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Notice  that  in  the  deterninaticn  of  V  .  ,  the  onl'.'  ner- 

out  -  - 

unit-length  caoacitance  value  needed  is  c,.,n,.  This  is  becaus' 
^  ‘  GiRl 

the  current  sources  attached  to  the  grounded  receptor  v;ire, 

CAP 

R2,  do  not  affect  Y  ^  ‘  and  because  V^„  =  0,  elir.inacing  the 
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the  generator  circuit  used  was  a  single  wire  with  ground 

T'tn 

return.  However,  if  the  low-frequency  expressions  for  SVJP“  ’ 
are  examined,  Equation  3-2a.,  which  pertains  to  a  single  v/ire 
with  ground  return  generator  circuit,  yields  a  mutual 
inductance  value  of  =  1.3  x  10“^  K/m.  Equation  ^-4  a  , 
which  gives  for  the  SV/P  generator  circuit  configura¬ 

tion,  yields  a  mutual  inductance  of  =  1.218  x  10”^  H/m. 
Thus,  for  the  S'dP  configurations,  no  significant  reduction 
in  inductive-coupling  is  achieved  through  use  of  an  SV/P 
generator  circuit  instead  of  a  single  v/ire  with  ground  return 
generator  circuit. 

Plots  4-3(a)  and  4-3(b),  which  give  a  comparison  of  the 
high  TWP  readings  for  R  =  in  and  R=  3^  »  show  a  10  d5 
difference  in  the  two  configurations.  Recall  that  the  high 
readings  for  these  low-impedance  loads  are  assumed  to  be  due 
to  the  inductive-coupling  of  only  one  loop  of  the  receptor 
TVi/P.  There  is  evidence  to  suggest,  however,  that  the 
inductive-coupling  of  the  high  readings  is  very  dependent 
on  the  nonuniformity  of  the  twist  along  the  TV/P.  Although 
it  v/as  attempted  to  construct  the  two  experiments  identically, 
the  nonuniformity  of  the  TV/P '  s  could  obviously  not  be  repro¬ 
duced.  It  is  expected  that  the  10  dB  difference  in  the  two 
configurations,  shown  in  Plots  4-3(a)  and  4-3(b),  is  due  to 
the  difference  in  the  nonuniformity  of  the  twist  in  the  two 
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When  capacit ive- coupling  is  doninant  (R  =  5C-Q  and  R  =  1  k  R 
in  the  high  readings  of  Plots  4-3(c)  ana  4_3(d)  and  for  all 
values  of  load  impedance  in  the  low  readings  of  Plots  W-l)  a 
reduction  of  about  3  d3  in  the  crosstalk  level  occurs  by  using 
the  TWF  generator  circuit  instead  of  a  single  wire  with  ground 
return.  Recall  that  v/ire  G2  (see  Figure  4-1)  of  the  generator 
TU?  was  grounded.  Because  wire  G2  v/as  much  nearer  to  v/ire  G1 
than  the  ground  plane  was  to  the  single  generator  v/ire,  more 
electric  field  lines  could  terminate  on  G2  of  the  TWP  con¬ 
figuration  than  the  ground  plane  of  the  single  wire  configura¬ 
tion.  Thus  fewer  electric  field  lines  would  be  available  to 
terminate  on  the  wires  of  the  receptor  TVJP,  Therefore  the 
mutual  capacitance  v/hen  the  generator  circuit  was  a  TV.'P  -would 
be  less  than  v/hen  the  generator  circuit  was  a  single  wire  with 
grouna  return.  Iquation  3-2b,  which  pertains  to  the  single 
wire  with  ground  return  generator  circuit,  shows  that  Cq2_ 
is  1.59  pF/m.  Equation  4_db  ,  which  gives  SV/P""  for  the 
S'.'/r  generator  circuic,  s.no'.vs  a  dependence  on  which  has 

a  value  of  l.u2  pF/m.  Thus,  uhe  simple  low-frequency  models 
demons'; rate  a  reduction  in  capacitive-coupling  of  about  4  dE 
by  using  trie  SV;?  generator  circuit. 

Overall,  a  comparison  of  these  t'wo  specific  configurations 
indicates  that  no  significant  reduccion  in  crosstalk  is  gained 
by  using  a  TV,'?  generator  circuit  over  a  single  '.virs  -with  ground 
return,  -.•.'hetner  inductive-  or  capacitive-coupling  is  dom.inant . 
These  conclusions,  of  course,  apply  only  to  the  cross-sectional 
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ccr.f iguratior.  v/hich  v/as  investigated .  For  ether  cross- 
sectional  configurations,  such  as  the  generator  and  receptor 
circuits  being  closer  together,  these  conclusions  itay  be 
different . 

As  v/as  expected,  the  unbalanced  TWP  to  unbalanced  IV.T 
configuration  showed  large  sensitivity  of  crosstalk  to  ninor 
/uriations  in  line  tv/ist  when  low-impedance  loacs  were  used 
to  terminate  the  line.  This  was  again  explainable  in  terms 
of  low-frequency  models  based  on  the  superposition  of 
inductive-  and  capacitive-coupling.  Also,  this  supported 
the  explanations  given  by  Paul  and  Jolly  of  the  sensitivity 
which  they  uncovered.  As  was  the  case  for  the  configuration 
investigated  by  Paul  and  Jolly,  for  those  impedances  where 
this  sensitivity  is  observed,  the  prediction  of  the  crosstalk 
level  is  not  possible.  This  is  because  it  is  impossible  to 
determine  or  insure  either  the  number  of  half-twists  in  a 
Tl'P  or  the  alignment  of  those  half-twists  in  a  practical 
installation. 

In  the  previous  investigations,  the  capacitive-coupling 
floor  caused  by  the  unbalance  of  the  load  configurations 
prevented  the  full  realisation  of  reduction  in  coupling. 

This  v/as  more  evident  for  the  high-impedance  loads,  R  =  50 
and  R  =  1  kn  ,  than  for  the  lov/-impedance  loads,  R  =  1  n  and 


R  =  3  0:  .  In 

the  next  chapter  the 

effect  of 

balancing  the 

loads  of  tne 

receptor  circuit  v/ill 

be  invest 

igated 

tc  determine 

whether  this 

situation  is  improved 

by  removi 

ng  (or 

at  least 

substantially  lowering)  this  capacitive-coupling  floor. 
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CHAPTER  V 


CROSSTALK  IN  THE  BALANCED 
TWISTED-PAIR 


The  previous  two  chapters  discussed  the  crosstalk 
in  conf igurations  which  were  unbalanced  with  respect  to 
their  terminal  configurations.  It  was  shown  that  for 
certain  low-impedance  loads  the  use  of  twisted  wire  pair 
(TWP)  receptor  circuits  resulted  in  a  significant  reduction 
in  the  crosstalk  level  of  the  receptor  circuit.  Also,  for 
the  low-impedance  loads,  it  was  found  that  the  crosstalk 
induced  in  the  TWP  receptor  circuit  was  very  dependent 
on  minor  variations  in  the  line  twist.  When  high-impedance 
loads  were  used  in  those  unbalanced  configurations,  the 
TWP  did  not  provide  a  significant  reduction  in  crosstalk, 
nor  did  the  crosstalk  level  appear  to  be  influenced  by 
variations  in  line  twist.  This  was  explained  using  the 
concepts  of  inductive-coupling  and  capacitive-coupling. 

This  chapter  will  investigate  the  crosstalk  from  a  single 
V.  ire  with  ground  return  generator  circuit  to  a  balanced 
TWP  (and  S'WP )  receptor  circuit.  For  this  case,  the 
balancing  of  the  terminal  configurations  is  believed  zc 
reduce  the  capacitive-coupling  so  that  a  significant  '  - 

duction  in  crosstalk  should  be  found  for  both  low-impeaance 
loads  and  high-impedance  loads  v/hen  the  TWP  receptor  circuit 


is  used. 
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The  experiment  for  the  single  wire  with  ground 
return  generator  circuit  and  balanced  TWP  receptor 
circuit  (see  Figure  5-1)  was  constructed  like  the  experi¬ 
ments  in  Chapter  III  and  Chapter  IV  as  much  as  possible. 

As  was  the  case  in  those  chapters,  the  receptor  and 
generator  circuits  were  suspended  2  cm  above  an  aluminum 
ground  plane  and  were  separated  from  each  other  by  2  cm. 
Their  positions  were  held  constant  with  styrofoam  blocks 
placed  along  the  length  of  the  line.  Again,  all  wires 
were  j«'22  gauge,  stranded,  so  the  minimum  separation  of 
the  wires  of  the  TWP  (SW?)  was  57.3  mils.  The  line  length 
of  this  experiment  was  .65  m.  The  receptor  TWP  contained 
80  full  twists.  Figures  5-2  through  5-5  are  photographs 
of  the  actual  experiment . 

The  experiment  was  performed  for  four  values  of  load 
impedance;  iQ,  32»  50n,  and  1  Kq.  The  generator  circuit 
was  a  single  wire  above  a  ground  plane  return.  A  sinusoidal 
generator  was  attached  at  the  left  end  of  the  line  betv/een 
the  generator  wire  and  the  ground.  This  voltage  was 
referred  to  as  V^^ .  The  receptor  circuit  was  a  balanced 
(with  respect  to  its  terminal  configurations)  TWP.  The 
right  end  of  the  receptor  TWP  was  ungrounded.  The  left  end 
of  the  TWP  was  balanced  by  connecting  it  across  the 
secondary  windings  of  a  center- tapped  transformer.  The 
primary  windings  of  the  transformer  were  terminated  in  one 
of  the  impedances  listed  above  and  V^^^  was  measured  across 
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that  impedance.  The  voltage  transfer  ratio  was  again 
defined  by 


voltage  transfer  ratio 


V  ^ 
out 

V. 

in 


(5-1) 


The  voltage  transfer  ratio  was  measured  for  frequencies 
in  the  range  from  100  Ha  to  9  I'lHa .  Measurements  were  taken 
at  frequencies  of  1,  1.5i  2,  2.5,  3»  5,  6,  7,  8,  9  in 

each  decade  of  frequency.  The  equipment  listed  in  Chapters 
III  and  IV  was  used  for  this  experiment  also. 

The  experiment  was  first  performed  for  the  balanced 
SIVP  receptor  circuit.  The  wires  of  the  SWP  were  horizontal, 
so  that  the  plane  containing  the  generator  wire  and  the 
■wires  of  the  SV.’P  was  parallel  to  the  ground  plane.  The 
voltage  transfer  ratio  'was  measured  for  all  four  values  of 
load  impedance  and  the  results  are  given  in  Plots  5-l(a-)  - 
5-l(d)  . 

A  lov/-f requency  model  to  predict  the  SWP  voltage 
transfer  ratio  can  be  determined  by  the  superposition  of 
an  inductive-coupling  and  a  capacitive-coupling  contribu¬ 
tion.  In  the  low-frequency  circuit  of  the  SWP  receptor 
circuit  (Figure  5-5)  an  equivalent  circuit  has  been  used 
to  mo'lel  the  center- tapped  transformer.  The  derivation 
ol  this  equivalent  circuit  is  explained  in  Appendix  3. 

The  output  voltage,  '<u^  ^  ,  needed  to  calculate  the  voltage 


5WP  EXPERIMENTAL.  ...  a 
TRANSMISSION  LINE  MODEL. 


5HP  EXPERIMENTRL.  ...  a 
TRRNSMISSION  LINE  MODEL. 


5WP  EXPERIMENTAL. 


PLOT  3-1 (d) 
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r:i;:3i'er  ratio  is  related  to  this  circuit  b' 


(5-2) 


whore  '  ^  is  tne  voltage  across  the  transformer  secondary. 
I'c.e  rer-unit-length  inductance  matrix,  L  ,  and 

✓v* 

capacitance  matrix,  C,  are  calculated  to  determine  1^, 

iA-  Lx  X 

anu  5-2’  per-unit-length  mutual  inductances  between 

t;ie  generator  wire  and  each  wire  of  the  SWP ,  and  c^^  and 
0,  , ,  tne  corresponding  mutual  capacitances.  Due  to  the 
similarity  in  physical  geometry,  the  inductance  and  capaci 
tance  matrices  of  this  configuration  are  the  same  as  those 
of  the  single  wire  with  ground  return  generator  circuit  to 
■.n'Lcalanced  Sb?  receptor  circuit  configuration  investigated 
;:■/  Paul  and  Jolly. 


The  inductive-coupling  and  capacitive-coupling  contri 
utions  to  the  crosstalk  are  determined  from  the  low- 
reguency  3Vj?  circuit  (Figure  5-6): 


(5^,  -  6.2)5  I. 


(5- 3a) 


RECEPTOR  : 

UNOflLHNCEn  TWISTED 
WIRE  PRIR. . . . 


PEr.EPTOR  : 

UNBRLflNEED  THISTEO 
WIRE  PAIR. . . .  A 
BOl ANCEO  TWISTED  WIRE 


wiRe‘  pnin. 


RECEPTOR: 

UNBALANCED  TWISTED 


RECEPTOR  : 
UNBRLflNCEO 
WIRE  PR 


PLOT  5- 3(b) 


ECEPTOR  : 

NBflLflNCEO  TWISTED 
WIRE  PAIR. . . . 


H  =  3'-':  results  show  a  difference  of  about  20  dB. 

One  R  =  results  of  Plot  5-3(c)  show  a  difference 

ce  tween  high  and  low  readings  of  as  much  as  20  d3 .  V/hen 

tiie  receptor  TWP  v/as  unbalanced,  the  R  =  30Q  results 

s;:cwed  virtually  no  sensitivity  to  line  twist.  The 
=  1  K  2  results,  given  in  Plots  5-2(d),  still  show 
virtually  no  sensitivity  to  line  twist. 


In  an  effort  to  demonstrate  the  effectiveness  of 
balancing  the  terminal  configurations  of  the  receptor 
circuit  TWP,  the  sensitivity  results  obtained  for  the 
unbalanced  TWP  receptor  have  been  plotted  against  those 
obtained  for  the  balanced  TV/P  receptor.  Plots  3-3(a)  - 
5-3if)  give  a  comparison  of  the  high  sensitivity  readings 
for  the  two  configurations  and  Plots  give 

a  comparison  of  the  lov/  sensitivity  readings.  The  com¬ 
parisons  for  the  low-impedance  loads  of  j  ?.  and  32  given 
in  Plots  5-3(a),  5-3(b),  5-^(a.)  and  5-^(o)  shov/  no 
significant  reduction  in  crosstalk  by  balancing  the  loads 
The  comparisons  of  the  ^00.  results.  Plots  3-3(c)  arid  3-‘^( 
sncw  t'lat  balancing  the  loads  reduces  the  crosstalk  level 
:  ;  at  least  20  d5  for  the  high  readings  and  by  as  mucn  as 
•-  Tor'  tne  lo'w  readings.  Finally,  the  comparisons  of 

^  kh  results  of  Plots  3-3(d)  and  3-'^(d)  show  tha 

:  -  u.  L:..;  t;.e  terminal  configurations  of  the  receptor  TWP 

.  :  :  t:.f  rrosstaik  level  by  at  least  hy  to  3''  dB  at 

■  r  ■  :  1.;  a  tremendous  reduction  in  the  amount  of 


EXPERIMENT 


PLOT  3-2{b) 


ratio  was  measured  for  all  four  impedance  values  with 
the  TV\/P  in  this  minimum  position.  These  measurements 
constitute  the  low  sensitivity  readings.  The  1  ITJ 
impedances  and  the  EMC-25  (tuned  to  15  kHft i  were  again 
attached.  The  right  end  of  the  TVi/P  was  then  rotated 
(no  more  than  180° )  until  a  maximum  response  in 
was  found.  The  high  sensitivity  readings  were  taken  for 
all  impedance  values  with  the  TWP  in  the  position  of  the 
maximum  IQ  reading. 

The  results  of  the  sensitivity  experiment  are  given 
in  Plots  5-2(a)  -  5-2(d).  There  was  no  equipment  available 
to  measure  the  voltage  transfer  ratio  for  the  R  =  1  ksi 
load  impedances  (Plot  5-2(d))  between  the  frequencies  of 
60  kHa  and  300  kHa ,  so  the  plot  is  discontinued  in  that 
frequency  range.  As  was  mentioned  previously,  it  was 
thought  that  balancing  the  terminal  configurations  of  the 
TWP  receptor  circuit  would  reduce  the  capacitive-coupling 
contribution  to  the  crosstalk.  With  the  reduction  of  this 
capacitive-coupling,  it  was  expected  that  the  sensitivity 
shown  only  for  the  low-impedance  loads  in  the  unbalanced 
TV/P  configuration  would  appear  for  all  values  of  load 
impedance  for  the  balanced  TWP.  The  R  =  If.  and  R  =  3f 
results.  Plots  5-2(a)  and  5-2(b),  respectively,  shcv/ 
about  t'^e  same  amount  of  sensitivity  as  when  the  receptor 
circuit  v/as  an  unbalanced  TV/P.  The  R  =  If.  plot  shows  a 
maximum  difference  in  coupling  of  about  35  d3  and  the 
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the  experimental  measurements  show  some  deviation  from  this 
behavior  below  10  kHa  ,  especially  v/hen  R  =  1  k  2  (Plot 
5-l(d)).  The  transformer  used  to  balance  the  left  end 
of  the  receptor  circuit  was  a  Vari-L  LF-d28  transformer. 

The  specif icaticns  of  these  transformers  are  only  valid 
ever  the  10  kne  to  100  liHe  frequency  range.  Since  the 
discrepancy  between  experimental  and  prediction  results 
occurs  for  frequencies  less  than  10  kHa  ,  it  is  believed 
that  the  permeability  of  the  core  of  the  transformer  is 
deteriorating,  causing  the  experimental  measurements  to 
roll-off  at  a  faster  rate  below  10  kHa  .  Since  the 
equivalent  circuit  used  to  model  the  transformer  (See 
Appendix  B)  in  both  the  low-frequency  and  transmission  line 
models  assumes  the  core  permeability  is  infinite,  neither 
model  will  predict  any  effects  caused  when  the  core  permeabil¬ 
ity  departs  from  this  ideal  assumption.  However,  when 
this  roll-off  does  not  appear  in  the  experimental  results, 
the  prediction  models  give  reasonable  results  for  the  cross¬ 
talk. 


The  SVj?  receptor  circuit  was  replaced  with  a  TWP  recep¬ 
tor  circuit  and  the  sensitivity  experiment  v/as  performed  in 
the  same  way  as  outlined  for  the  experiments  in  Chapters  III 
and  IV.  The  R  =  L2  loads  were  connected  and  the  liJC-lf'  was 
attached  to  measure  V^,,^  and  tuned  to  li  kHs  .  -V  rotating 
the  right  end  of  the  receptor  TV.'P  (no  more  than  lcG°)  a 

m.inimumi  reading  v/as  found  in  V  ,  .  The  voltaie  transfer 

out 
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crosstalk  induced  in  the  recentor  circuit. 


Thus,  balancing  the  terminal  configurations  of  the 

receptor  TWP  produced  a  large  reduction  in  the  crosstalk 

level  when  the  load  impedance  was  1  kn  (and  a  significant, 

but  somewhat  less,  reduction  when  R  =  50^2).  However,  the 

high  and  low  TVJ?  readings  for  R  =  1  k  u  still  showed 

virtually  no  sensitivity  to  line  twist.  For  this  case  of 

CAP 

the  balanced  receptor  TWP,  a  calculation  of  SWP  does 

not  provide  a  good  prediction  for  the  low  TWP  sensitivity 

readings  for  any  value  of  load  impedance.  In  fact,  for 

CAP 

the  low-impedance  loads,  SWP  falls  very  much  below  the 

TWP  low  readings  whereas  for  the  high-impedance  loads 
CAP 

SWP  is  greater  than  the  TWP  low  readings.  This  might 

make  one  suspect  that,  for  the  balanced  receptor  TWP, 

CAP 

TWP  is  sensitive  to  line  twist.  There  is  evidence  to  sug¬ 
gest  that  this  is  the  case.  Recall  that  because  the  second 

TWP  wire  v/as  grounded  in  the  unbalanced  TV/P  configuration, 

CA^ 

TWP  ^  appeared  to  be  insensitive  to  changes  in  line  twist. 

C 

If,  for  the  balanced  TWP  configuration,  TWP  ‘  is  sensitive 
to  line-twist,  the  crosstalk  level  would  be  as  difficult 
to  predico  as  TWP"^*^^  was  in  tne  previous  conf  iguraiions . 
Indeed,  for  the  balanced  TW?  receptor  circuit,  botii  contri¬ 
butions  to  the  crosstalk,  inductive-covjpling  and  capacitive- 
coupling,  aopear  to  be  sensitive  to  variations  in  line 
twist ,  oi!‘ioe  the  capacitive  coupling  current  sources  (see 
Figure  ;-?)  appear  as  differences  with  the  result  being 


determined  by  the  presence  of  an  odd  or  even  number  of 
half  twists.  Since  it  is  not  possible  to  either  deter::;i;.o 
or  control  the  amount  of  twist  in  a  practical  insta^latio;. , 
prediction  of  the  crosstalk  levels  does  not  seem  reasonuole 

The  purpose  of  this  chapter  was  to  determine  tne 
effectiveness  of  the  balanced  T'dP  receptor  circuiu.  It 
was  conclusively  shown  that  the  balanced  T'.VP  produced 
significant  reduction  in  the  crosstalk  levels  for  both  lev/ 
and  high-impedance  loads.  This  was  expected,  qualitatively 
from  the  concepts  of  inductive  and  capacitive  coupling. 
Unlike  the  previous  tv/o  chapters,  however,  the  results  of 
the  T'.v’P  sensitivity  experiments  could  not  be  predicted 
using  the  concepts  of  inductive-  and  capacitive-coupling, 
although  these  concepts  adequately  predicted  the  TV,'?  result 
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CHAPTER  VI 

SUIvtlARY  ANL  CCNCLJSICIIS 

V/henever  transmission  lines  are  used  in  close 
proximity  to  one  another,  electromagnetic  fields  will 
couple  from*  one  wire  to  another.  The  primary  intent  of 
this  report  was  to  investigate  the  crosstalk  to  a  balanced 
(with  respect  to  the  terminal  configurations)  twisted 
wire  pair  (T'.vP).  Also,  the  crosstalk  from  an  unbalanced 
TIVP  to  an  unbalanced  TWP  was  examined.  The  effectiveness 
of  the  T'fp  was  explained  in  terms  of  inductive-coupling 
and  capacitive-coupling.  For  example,  for  the  case  of  the 
unoalanced  TWP  to  unbalanced  TWP  configuration,  the  TWP’s 
reduced  the  inductive-coupling,  which  was  dependent  on 
the  amount  of  twist  in  the  line,  whereas  the  capacitive- 
coupling  appeared  to  be  insensitive  to  line  twist  and  was 
not  reduced  by  the  twist.  Thus,  for  low-impedance  loads, 
where  inductive-coupling  dominated  the  crosstalk  (when  the 
wires  were  straight  wire  pairs  (SWP’s)),  twisting  the 
•wires  substantially  reduced  the  crosstalk  level.  Also,  for 
the  lov/-impedance  loads,  the  crosstalk  to  the  receptor  TWP 
•was  very  sensitive  to  slight  variations  in  line  twist. 

This  sensitivity  was  also  explained  using  the  concept  that 
inductive-coupling  is  dependent  on  the  number  of  half-twists, 
even  or  odd,  in  the  receptor  TV/P  but,  for  this  configuration. 


capacitive-coupling  is  insensitive  to  line  t'wist. 


The  resulee  o:'  a  balanced  TV/P  receptor  circuit 

'.VO  re,  real  ita  u  ively  ,  easily  explained  uain^  the  concepts 
:  I’  inductive-  an.a  capacitive-couplin;;  •  As  was  expected, 
balancing  the  TV/?  terminal  cor.x'igurations  provided  a 
signii’icant  raduction  in  crosstalk  over  the  u.nbalanced 
cern'iguration  for  the  high-impedance  loads,  when  capacitive- 
coupling  was  dominant.  This  was  thought  to  occur  because 
balancing  the  terminations  reduced  the  capacitive-coupling 
floor.  However,  with  the  reduction  of  the  capacitive- 
C'.nipling,  the  same  sensitivity  to  variations  in  line  twist 
::rmerly  only  exhibited  by  low-impedance  loads  for  the 
uncalanced  TV/P  was  expected  for  all  loads.  This  sensitivity 
w.as  net  observed  for  the  high-impedance  loads.  Also,  it 
was  no  longer  possible  to  provide  a  good  prediction  of  the 
low  TV,'?  sensitivity  results  with  the  capacitive-coupling 
flcor.  Further  investigation  seems  to  indicate  that  for 
one  balanced  TV/P  conf iguration,  both  inductive-coupling 
ar.u  capacitive-coupling  are  dependent  on  the  amount  of 
tv.ist  in  the  line. 


tc.e  TV,?  ccrif igurations  examined  in  Chapters  III, 

,  t.'.e  crosstalk  v/as  cemputeu  with  the  low-frequency 
e-  ar.d  oapac it ive- coupling  model  and  with  a  trans- 
Vinv  :r.c-iGl.  for  suf f ic ier’.t I y  low  frequencies, 
els  provided  auecp-ia'„-j  pn'e-di c t ions  of  the  crosstalk, 
er  :  re  :;ue;'.cies ,  ‘^.'.ly  One  trarismissicn  line  model 
-  reclct  tne  ::r->sstalx,  although  the  results  at 


121 


high  frequencies  were  not  as  good  as  at  low  frequencies. 

The  low-frequency  model  changes  linearly  with  frequency, 
so  the  results  of  this  model  can  be  easily  determined 
with  a  small  calculator.  The  transmission  line  model, 
however ,. must  be  calculated  by  solving  simultaneous 
equations  for  each  value  of  frequency  desired,  and  is 
therefore  more  readily  determined  through  the  use  of  a 
computer  program.  Thus,  for  sufficiently  small  frequencies, 
the  low-frequency  model  is  significantly  more  efficient, 
computationally,  than  the  transmission  line  model.  Also, 
the  low-frequency  model  provides  a  qualitative  analysis  of 
the  crosstalk  through  the  concepts  of  inductive-  and 
capacitive-coupling,  and  the  dominance  of  one  type  of 
coupling  over  the  other. 

Better  models  to  predict  the  crosstalk  to  a  TWP, 
balanced  or  unbalanced,  are  still  needed.  The  sensitivity 
that  was  observed  for  some  load  impedances  appears  to  rule 
out  the  possibility  of  exact  prediction  models.  One 
alternative  could  be  a  model  that  would  provide  upper  and 
lower  bounds  on  the  crosstalk.  An  attempt  was  made  to 
determine  an  upper  bound  for  the  single  wire  with  ground 
return  generator  circuit  to  unbalanced  T'.vP  receptor  circuit 
for  the  lo'w- impedance  loads.  By  using  the  low- impedar'.ce 
of  R  =  If  and  R  =  }'  ,  the  higi;  hound  could  essentially 
oe  determined  by  the  inductive- oouyli:;;:  to  one  nalf-tv,ist 
of  tne  l'.;F  .  Representing  the  I'll  as  a  :,l:llir  n'-'llx,  t:,e 
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-.lie  I'iux  penetrating  one  loop  of  the  T'o?  can  ce 
f-’  ;na  bp  deterniining  the  total  magnetic  flux,  ^B'ds, 
:ver  >:n.e  half-twist.  Substitution  of  the  proper  para- 
r'leters  into  this  integral  and  setting  the  limits  for 
integration  over  one  half- twist  yields  an  integral  of 
tile  form 


72 

^  ln(  1  +  a  sinO  +  b  cosG  )  dG 

which  is  not  possible  to  integrate  in  closed  form. 

Therefore,  a  computer  program  was  written  to  calculate 
this  integral  using  a  Gaussian  quadrature  routine.  The 
results  of  this  analysis  did  not  give  good  predictions  of 
the  high  readings  of  the  lov/-impedance  loads.  This 
ai'.alysis  seemed  to  indicate,  however,  that  tiie  nonunif ermity 
o:'  tile  t'.vist  of  the  TWF  could  greatly  affect  the  high  read¬ 
ings,  sc  ciiat  tiie  upper  bound  of  a  prediction  model  would 
net  simply  depend  on  one  half-twist  of  the  TTF ,  but  would 
depend  cn  the  nc.-iunif ormity  of  the  twists.  obviously,  a 
monel  t;iat  must  snow  tne  noiiuni f ormi ty  in  t-u:  twist  of  a 
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Iti  an  elfort  to  achieve  optimum  system  design,  it 
is  important  to  know  when  crosstalk  will  cause  a  problem 
ana  how  to  reduce  crosstalk  to  prevent  those  problems. 

In  the  past,  it  was  widely  accepted  that  using  twisted 
wire  pairs  reduced  crosstalk,  and  that  using  balanced 
T'rtP '  s  fu'  ther  reduced  crosstalk.  Both  statements  are 
true,  out  the  degree  to  which  the  crosstalk  is  reduced 
has  been  shown  to  be  strongly  dependent  on  such  parameters 
as  the  values  of  load  impedance.  At  a  time  when  the 
efficiency  of  a  system  is  in  part  determined  by  weight 
and  size,  an  understanding  of  the  manner  in  which  electro- 
m.agnetic  coupling  occurs,  even  if  it  is  only  through  a 
sim.ple  low-frequency  model  like  examined  in  this  report, 
could  help  prevent  the  addition  of  unnecessary  bulk  to  a 
system.  It  can  also  serve  to  provide  an  optimum  system 
design  from  the  standpoint  of  reduction  of  crosstalk  to 
acceptable  levels.  The  results  of  this  report  should 
provide  this  type  of  understandir.g . 


n 

a 

■ 


The  ciansrnissicn  line  nodel  used  to  calculate  the 
vcl'ua^e  transfer  ratio  of  the  3'm?  configurations  investi¬ 
gated  in  Chapters  III  -  VI  is  explained  in  this  Appendix, 
ref ere  the  specific  transmission  line  model  which  was 
used  is  examined,  a  general  (n  +  1)  conductor  line 
U'igure  A-1)  v/ill  be  reviewed  [8].  This  line  consists 
-X  n  conductors  and  a  ground  plane  return.  Under  the 
assumption  of  TEM  mode  of  propagation  on  the  line,  the 
v:_tages  and  currents  of  the  line  can  be  uniquely  defined 
.n:i  are  represented  by  n  x  1  vectors 

(A-la) 


IGURE  A-1.  A  GENERAL  (n  +  1)  CONDUCTOR  LINE 


and 


**  X  C.O  — 


i  (x)  =  -  j  C  '/  (x)  (A- 2b) 

•  • 

V  (x)  and  I  (x)  signify  the  differentiation  of  each 
element  of  the  vectors  with  respect  to  x.  For  example, 

d  (x) 

d  X 

a  (x) 

dx 

« 

d  ( X ) 

d  X 

The  matrices  R ,  L  ,  and  C  are  of  dimension  n  x  n 

and  contain  the  per-unit-length  parameters  of  the  line. 

contains  the  per-unit-length  parameters  of  self 
inductance  and  mutual  inductance.  C  contains  the  per- 
unit-length  self  and  mutual  capacitances.  The  presence 
of  R  and  L  is  due  to  imperfect  conductors.  R  reoresents 
or’.mic  resistances  of  the  conductors  and  L,  reoresents  tl.e 
internal  inductances  of  the  conductors.  This  repoi't, 

however,  assumes  oerfect  conductors  sc  that  R  and  1 

^  ^  c 

are  removed.  Therefore,  to  simplify  rotation,  will 

simolv  ce  referred  to  as  h.  The  transmission  lirie 
eoyuations  then  become 
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V  (x)  = 

-  j  cu  L 

I  ( 

(A- 

4a) 

i  ( ■^)  = 

-j  Oi  C 

V  {^) 

(A- 

4b) 

In.  deriving  a  transmission  line  model  to  evaluate 
the  configuration  shewn  in  Figure  A-1,  it  is  necessary 
to  relate  the  voltages  and  currents  at  one  end  of  the 
line,  V  (0)  and  £  (0),  to  the  voltages  and  currents  at 
the  other  end  of  the  line,  V  (Z.)  and  ^  (Z).  This  can 
be  accom.plished  through  the  use  of  chain  parameter  maurix 
oy 


V  (Z) 

£ 

II 

.  (-) 
w 


^21  (O  (Z) 


V  (0) 


:  C) 


(A-5) 


whore  2  is  the  2nx2n  chain  oarameter  m.atrix  of  the  line. 
The  line  is  now  com.pletely  characterised  by  For  no 

dielectric  insulation  and  perfect  conductors,  the  n  x  n 
2  ;  :  are  given  by  [ij 


:os  (/iZ) 


^n 


(A-oa) 


-  -  -i-  S^'T.  { 


(  A-dc  ) 


-.g'si:;  i. 


( A-GC  ) 

( A-cd  ) 
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The  vectors  V,  and  V  represent  open  circuit  voltages 

L 

betv.-een  each  wire  and  ground  for  the  aorroDriate  terminal 


ne  f.'/orK  . 


'imilarly,  Ir,and  I,  represent  the  short  circuit 


of  the  aohrooriate  circui 


and  a,  are  the 

^  u 


impedance  matrices  which  characterize  these  termi¬ 


nations.  Similarly  and  Y,  are  the  n  x  n  admittance 
m.atrices  which  also  characterize  the  terminations.  For 
the  configurations  investigated  in  this  report,  it  v/as 
easiest  to  represent  the  left  end  of  the  line  by  a 
Thevenin  Eo.uivalent  (Equation  A-9a)  and  the  right  end 
of  the  line  by  a  Norton  Equivalent  (Equation  A-lOb). 


The  currents  1  (0)  can  be  determined,  through 
substitution  of  the  terminal  conditions  into  Equation 
A-:',  from. 


1.  ^  J 


J  I  (0) 


+  I  / 


(A-11 


transfer  ratio  cf  the  coni' igurat ions  of  this 
,e  found  once  T  (b)  is  known. 


the  specific 


0 


•.  n  '  I  '  1 


;.ire  :e:':er‘^T:o 


.  ..  li'cuit  Lcni  isurat  1C 


» 


-i'.e  :;  jrii  i.i'urat icr.  :-'i„:ure  )  aescricea  in  unaot-e] 


urr. .  Tne  recent  or  circuit  is  a 


?hi3  is  a  four  conductor  line,  therefor? 


aud.  Y,  are  matrices  of  dimension  3  -  3  V, 


••  ’  ..i  ■'/  ^  n  I ,  -d 


iT  s  0  d.  1  0  n  s  1 0  n  k  x  • 


t:ie  orc3s-sec ticnai  view  oi  tae  Sw*- 
ti.is  section  is  the  sane  as  the  cross- 
the  S'.v?  conf iguration  of  Section  A.l, 
the  per-unit-length  inductance  natrix, 
.on  is  the  sane  as  that  given  in  Sectior 


’.inal  conditions  are  found  by  exanining 
liotice  that  the  1:2  transforner  used  to  balance 
tf  the  receotor  circuit  SV/P  has  been  nodeied 


n  riooenaix 


(A-27b) 


I A-2?c  ) 


139 


[uations  A-lOb  and  A-23  yield 


o  ! . 


a  f  f 


1 


0 

1 


_1 


0 

1 


’Zr 

1 


CA-26) 


The  eier.ents  of  are  equal  to  zero. 


I'otice  that  the  generator  wires  of  this  section  are 
numbered  differently  than  they  were  in  Chapter  IV.  This 
is  done  to  facilitate  the  use  of  the  computer  program  which 
analyzes  the  transmission  line  model.  The  nur.bering  of  the 
wires  in  Chapter  IV  is  still  correct  for  the  low-frequency 
C'./r  m.cdel  described  there. 


V.0 
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^c; 

4h^ 

(A-21e) 

t 

^G1G2 

= 

/ 

JL.n 

( 

1  + 

^G1G2^  ^ 

4h2 

(A-21f ) 

"GlRl 

= 

/ 

( 

1  + 

Q  2  / 

^GlRl  ' 

4h2 

'^G1R2 

=  57 

Lri 

( 

1  + 

'^G1R2‘^  ) 

(A-21g) 

/ 

^G2R1 

II 

Ln 

( 

1  + 

4h^ 

(‘^G1G2  "  ‘^GlRl)"^ 

(A-21h) 

4h^ 

'•G2R2 

=  4Tr 

/ 

-c  ri 

( 

1  + 

^'^GIGR  -  ^G1R2^^^ 

(A-21i) 

/ 

4h2 

^R1R2 

=  4  tt 

A,  A 

( 

1  + 

^^GlRl  "  ‘^G1R2^^^ 

(A-21j) 

The  other 

elements 

of 

are 

found  by  realizing  that 

L  is 

synmetric 

and  again 

all  wires  are  identical  with 

radii  r, , 
w 

The  terminal 

condit 

ions 

are  found  by  analyzing 

Figure 

A-  j  . 


(0) 


:A-22a) 


(A- 2  2b) 


T'  X 


U-v- 


\ 

1 
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A .  2  The  'Jnbalanced  SV.'P  Generator  Circuit  to  Unbalanced 
SV.'P  Recerjtor  Circuit  Conf isjuration 

The  unbalanced  TV.'?  generator  circuit  to  unbalanced 
S'.v?  receptor  circuit  (Figure  A-3)  described  in  Chapter  IV 
is  examined  here.  This  is  a  five  conductor  line,  therefore 

L,  C,  and  Y/  are  1x4  matrices.  V„  and  1/  are  vectors 

^  ^  0  “0  “A 

of  dimension  4x1. 


The  p 

er-unit- 

■length  inductance  matrix 

is 

"GlGl 

! 

^G1G2 

^GlRl 

^G1R2 

t 

G  i 

^Q2Q2 

^G2R1 

'^G2R2 

(A-20) 

t 

"RlGl 

^RlRl 

'^R1R2 

"R2G1 

^R2G2 

^R2R1 

^R2R2 

p  A  ®  r*.  0  r 

its  of  L 

are  given  by 

[9] 

“o 

2h 

—  ^ 

A  ’’’ 

(A-21a) 

V/ 

lii 

(A-21b) 

J  J  ^ 

‘  v/ 

s  n 

-"1  1  J. 

—  ^  ■  i 

^rl  r,  . 

Vi 

(A-21c j 

U 

0 

2h 

’*"R2R  A 

=  2  " 

■in  r 

'Vi 

(A-21d) 

(A-15d) 


^GRl 


2-n  ln(  1  +  ) 


^'GR2 


U 

2  TT  Zn  (  1  + 


^R1R2 


4  _ 

2-!^  ini  1  +  (d(,j^2  “  '^GRl^  ) 


(A-15e) 


(A-15f) 


L  is  symmetric  and  all  three  wires  are  identical  with 

radii  r,  . 
w 

The  terminal  conditions  are  found  through  evaluation 
of  Figure  k~2. 


''g 

=  1 

(A- l6a) 

Vr,  (0) 

"  "^OR 

Iri 

(A-l6b) 

Vrr  (0) 

=  0 

(A-l6c ) 

I.  (z) 

u 

= 

Vq  (n 

(A-17a) 

Irj^  (L) 

''rI  -  <^>  ''R2 

(A-17b) 

u) 

1 

= 

1 

•’»i  U)  <■  @7t)  v,,  (/) 

(A-17c) 

SWP)  Receptor  Configuration 


The  SyP  configuration  described  in  Chapter  III  is 
examined  here  (Figure  A-2).  The  generator  circuit  consists 
of  a  single  wire  with  ground  return.  The  receptor  circuit 
is  an  unbalanced  SWP .  This  is  a  four  conductor  line  (the 
three  conductors  and  ground  plane  return),  therefore  L, 

C,  2^  and  Y/  are  of  dimension  3x3* 

The  per-unit-length  inductance  matrix  is 


'GG 

^GRl 

"'GR2 

■RG 

/ 

^RlRl 

"R1R2 

■R2G 

^R2R1 

/ 

"■R2R2 

(A-14) 


The  elements  of  ^  for  ti:e  cross-sectional  configuration 
investigated  and  shown  in  Figure  A-2^b)  are  given  by  [8] 

2h 


}Ll  iA 


(A-15a) 

(A- 15b) 


Equations  B-2a  and  B-2b  yield 


v'2_  “  ^0  *^0  (B-3a-) 

and  Equations  B-2a  and  B-2c  yield 

*^2  ”  ^0  '^'0  (B-3ti) 


The  current  relationships  between  the  primary  and 
secondary  windings  are  determined  through  use  of  Ampere's 
law 


Notice  that  the  displacement  current  has  been  neglected  in 
Ampere’s  law;  that  is,  quasi-static  conditions  are  assumed 
Integration  of  Ampere's  law  around  the  mean  axis  of  the 
taroid  yields 


H  (2  irr)  =  NqLq  -  -  ^262 


(B-5) 


However,  K  is  related  to  the  flux,  'V  ,  by 


rheref ore 


K  =  y  A 


(B-6) 


Mow,  consider  that  the  magnetomotive  force  is  defined 


A  =  H  •  dl 

and  the  reluctance  of  the  core  is  defined  by 
F  2  TT  r 

/?  =  4'  =  u  A 

Equations  B-A  through  B-10  yield 

2'v  =  Nq(.q  -  N^(.^  -  ^2^2 


(B-9) 


(B-10) 


(3-11) 


For  an  ideal  transformer,  the  permeability  of  the  core, 

■y  ,  is  infinite,  so  the  reluctance  of  the  core,  /?,  is  zero. 
Equation  B-11  becomes,  for  an  ideal  transformer. 


'o'-o  ^‘1^1  ^''2^-2 


‘  1  *2 
‘■o  ■  ‘-1  ^0  ^2 


(3-12a) 


(B-12b) 


.-'-  -^1  A.*  A.  .  SC-.V-V".  !>U.'  . 
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Notice  that  S,  ^  =  S^,  .  Z  is  syininetric. 

A  T  network  is  often  used  to  represent  the  equivalent 
circuit  found  by  impedance  parameters  (see  Figure  B-5). 

If  the  center-tapped  transformer  used  in  Chapter  V  is 
assumed  to  be  ideally  balanced,  then  =  N^.  The  specific 
transformer  used  had  a  turns  ratio  of  1:2.  Therefore 
No  =  1  and  N^  =  N2  =  !■  Then  the  T  network  of  Figure  E-5 
becomes  the  equivalent  circuit  used  in  Chapter  V  (Figure 
B-6)  . 

Finally,  note  that  the  impedance  matrix,  Z,  formed  with 
the  elements  defined  in  Equations  3-15,  has  a  determinant 
equal  to  zero,  b'hen  the  determinant  of  a  matrix  is  equal 
to  zero,  the  matrix  is  said  to  be  singular  and  its  inverse 
does  not  exist.  The  inverse  of  the  impedance  matrix  is 
the  admittance  matrix.  Therefore,  there  is  no  admittance 
matrix  that  can  represent  the  tv/o-port  network  of 
Figure  B-u, 
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